Purpose: Rapid cleavage in vivo and inefficient cellular uptake limit the clinical utility of antisense oligonucleotides (AON). Liposomal formulation may promote better intratumoral AON delivery and inhibit degradation in vivo. We conducted the first clinical evaluation of this concept using a liposomal AON complementary to the c-raf-1 protooncogene (LErafAON).
INTRODUCTION
The Raf-1 protein, encoded by the c-raf-1 gene, is a 75 kDa serine-threonine kinase that functions as a key regulator of cell growth, proliferation, and survival (1) . Raf-1 is a critical component of multiple signal transduction pathways, integrating signals from cell membrane-bound growth factor receptors and apoptotic regulators (2) . Activated Raf-1 in turn interfaces with a many downstream targets controlling proliferation and survival, including activation of the mitogen-activated protein kinase/extracellular signal-regulated kinase kinases MEK1 and MEK2, activation of the nuclear factor B survival and proliferation pathway, and inhibition of the proapoptotic factor Bad (3) .
Deregulated Raf-1 activity has been implicated in oncogenic transformation (4, 5) . Constitutive Raf-1 activation leads to morphological changes consistent with a malignant phenotype, to growth factor-independent proliferation, and to increased resistance to cytotoxic agents (6) . Raf-1 promotes full malignant transformation of c-Myc-expressing human epithelial cells, and cooperates with Akt to increase apoptotic resistance of hematopoietic progenitors (7, 8) . Conversely, homozygous deletion of the c-raf-1 gene or expression of a dominant-negative mutant c-raf-1 allele promotes apoptotic induction and markedly inhibits proliferative potential after exposure to growth factor or serum (9, 10) .
Recent observations suggest that Raf-1 may also be an important regulator of angiogenesis in human tumors. Constitutive expression of activated Raf-1 is associated with upregulation of vascular endothelial growth factor production, and a dominant-negative mutant Raf-1 inhibits angiogenesis in response to either fibroblast growth factor or vascular endothelial growth factor (11, 12) .
Together the above data suggest that suppression of Raf-1 activity could have substantial anticancer therapeutic potential. Strategies for Raf-1 suppression that we and others have explored include the use of small molecule inhibitors of the Raf-1 protein and the use of antisense oligonucleotides (AON) directed against the c-raf-1 mRNA (13) (14) (15) . Preclinical models have shown that AON can inhibit translation and accelerate degradation of c-raf-1 mRNA, leading to a decrease in Raf-1 intracellular concentration (16) . Cancer cells transfected with an antisense c-raf-1 cDNA show specific suppression of Raf-1 level, growth inhibition, and increased sensitivity to both chemotherapy and ␥-radiation (17, 18) .
Unmodified short oligonucleotides are subject to rapid hydrolysis by extracellular nucleases present in plasma. One strategy to inhibit nuclease degradation is to modify the nucleotide backbone, with phosphorothioate rather than phosphodiester linkages between bases. Nearly all published clinical trials of AON have used phosphorothioate oligonucleotides (19, 20) . A number of characteristic sequence-independent toxicities have been associated with the use of phosphorothioate oligonucleotides, including fever, malaise, hypotension, and in some cases prolongation of the activated partial thromboplastin time. Animal studies of phosphorothioate oligonucleotides have reported complement activation as a sequence-independent toxicity, and we have reported previously dose-dependent serum complement activation in human patients treated with a phosphorothioate oligonucleotide directed against c-raf-1 (13) .
An alternative to the use of phosphorothioate oligonucleotides is liposomal formulation of minimally modified oligonucleotides. Liposomal formulation may prolong AON stability by limiting nuclease access and secondarily may reduce nonspecific toxicity by minimizing the need for backbone modifications such as phosphorothioate linkages. In addition, liposomal formulation may increase intracellular AON delivery by facilitating endocytosis. Using the phosphorothioate c-raf-1 AON ISIS 5132, liposomal formulation has been reported to increase the area under the plasma concentration curve over 5-fold after intravenous administration in mice and to improve Raf-1 suppression in human tumor cells in vitro relative to use of an identical AON alone (21) .
LErafAON incorporates a c-raf-1 AON within a cationic liposome approximately 400 nm in diameter (22) . The negatively charged c-raf-1 AON in LErafAON is entrapped within the cationic lipid bilayer with an encapsulation efficiency of over 85% (22, 23) . In contrast to the cationic lipid formulation used here, neutral and anionic liposomes exhibit relatively poor oligonucleotide entrapment efficiencies. All internal linkages in this AON are nuclease-sensitive phosphodiester linkages; phosphorothioate modifications are limited to the 5Ј and 3Ј termini. Preclinical analysis of LErafAON in nude mice bearing PC-3 human prostate cancer xenografts showed intratumoral Raf-1 suppression, single agent inhibition of tumor growth, and enhancement of radiation sensitivity and chemosensitivity leading to tumor regression (22, 24) .
Here we report the first clinical evaluation of single agent LErafAON. The primary goals of this study were to evaluate the toxicity and determine the maximally tolerated dose of LErafAON when given by weekly intravenous infusion in patients with advanced malignancies.
PATIENTS AND METHODS
Patients. The trial was limited to adults with histologically confirmed recurrent or progressive solid tumor for which no curative therapy was available. All patients had Eastern Cooperative Oncology Group performance status Յ2. Any number of prior chemotherapy regimens was allowed. Adequate hematologic (absolute neutrophil count Ն1500/L, and platelets Ն100,000/L), hepatic (bilirubin within normal institutional limits, and aspartate aminotransferase and alanine aminotransferase Յ2.5 ϫ institutional upper limit of normal), renal (creatinine within normal institutional limits), and coagulation (prothrombin time and activated thromboplastin time function within normal institutional limits) status was required. All patients provided written informed consent before study enrollment or performance of study-related procedures, in accordance with institutional and federal guidelines.
Study Drug Preparation. Lyophilized c-raf-1 AON (NeoPharm, Lake Forest, IL) was resuspended in sterile saline and added to vials containing a desiccated liposomal preparation containing the cationic lipid dimethyldioctadecyl ammonium bromide (NeoPharm). This reconstituted mixture was vortexed for 2 minutes, allowed to hydrate at room temperature over 0.5 to 2.5 hours, and then sonicated at maximum intensity in a bath-type sonicator for 10 minutes before infusion.
Study Design. LErafAON was administered weekly by intravenous infusion, with the initial plan being for infusion over 30 minutes. As described in detail below, infusion duration was increased in the course of the trial to a minimum of 60 minutes. Cohorts of at least three patients were entered at escalating dose levels, starting at 1 mg/kg/week, with subsequent cohorts receiving 2, 4, and 6 mg/kg/week, respectively (Table 1) . Intrapatient dose escalation was not allowed. Each cohort was observed for at least 10 days after the first dose of LErafAON before initiation of treatment of a subsequent cohort. Dose escalation proceeded until an maximum tolerated dose was defined. Maximum tolerated dose was defined as the dose level below that associated with dose-limiting toxicity (DLT, defined below) in two or more of up to six patients. If tolerating therapy, patients were allowed to continue on LErafAON weekly until progression.
Toxicity and Response Evaluation. We assessed toxicity was assessed using NCI Common Toxicity Criteria (version 2.0) on all patients enrolled on study. DLT was defined as any grade 4 toxicity considered probably or definitely related to LErafAON or any grade 3 toxicity considered probably or definitely related to LErafAON excluding alopecia, malaise, fever, and hepatic transaminase elevation on a postdose sample. Emesis was considered dose-limiting only if continuing despite maximal antiemetic therapy. Allergic and/or hypersensitivity reactions in general were not considered dose-limiting, because these reactions are typically not dose-dependent: such reactions were considered dose-limiting if the reaction met the following criteria: (a) pretreatment regimen and specified infusion rate were followed, (b) Ͼ50% of the planned dose was administered, and (c) at least one of the symptoms of the reaction was a grade 3 or worse, or one of the symptoms of the reaction was a grade 2 bronchospasm considered to be probably or definitely related to study medication.
Response was evaluated by comparison of baseline computed tomography scan done 0 to 4 weeks before the first dose of LErafAON with re-evaluation computed tomography scans done at least every 8 weeks while on study drug, using the Response Evaluation Criteria in Solid Tumors (RECIST).
Pharmacokinetic Evaluation. Blood for pharmacokinetic evaluation was collected on week 1 of therapy 30 minutes before initiation of LErafAON, at the end of infusion; 5, 15, and 30 minutes after infusion; and 1, 2, 3, 4, 6, and 24 hours after the end of infusion. Trough levels were drawn before infusion in weeks 2 and 8. Plasma concentrations of rafAON were determined as described previously (22) . In brief, rafAON was extracted from plasma by phenol-chloroform extraction. The rafAON concentration standards (0.01, 0.05, 0.1, and 0.5 g/ mL) were prepared by adding known amounts of rafAON to a portion of the predose plasma. A negative control consisted of predose (blank) plasma from the same patient. The extracts were loaded onto 20% polyacrylamide/8 mol/L urea gels and electrophoresed in Tris-borate EDTA buffer (Invitrogen, Carlsbad, CA). The gels were electroblotted, and the blots were probed with a 32 P-5Ј-end-labeled c-raf-1 sense oligonucleotide probe. The autoradiographs were scanned, and signals were quantified with ImageQuant software (Amersham Biosciences, Uppsala, Sweden). In clinical samples, 0.01 g/mL or a lesser concentration was designated unevaluable.
Determination of c-raf-1 mRNA Expression and Raf-1 Protein Levels. Blood for exploratory analysis of c-raf-1 mRNA and Raf-1 protein was collected in heparinized tubes before and after LErafAON infusion on days 1 and 8 in a subset of patients in the 4 or 6 mg/kg/week dose cohorts. Sample sets were adequate for RNA analysis in a total of five patients and for protein analysis in six patients. Heparinized blood was stored overnight at 4°C in tubes containing protease inhibitors (20 g/mL aprotinin; 20 g/mL leupeptin; Roche, Basel, Switzerland). For total RNA, the lymphocytes were isolated from the heparinized blood with RNA aqueous blood module (Ambion, Austin, TX). Total RNA was isolated from lymphocytes with RNA aqueous-4PCR kit following the manufacturer's instructions (Ambion, Austin, TX). Radiolabeled reverse transcription (RT)-PCR was done with Titan one tube RT-PCR kit according to the manufacturer's instructions (Roche Molecular Biochemicals, Mannheim, Germany), using c-raf-1-specific primers (forward primer, 5Ј-TCAGAGAAGCTCTGCTAAG-3Ј; reverse primer, 5Ј-CAATGCACTGGACACCTTA-3Ј; Invitrogen). For RT-PCR, the RT was done at 50°C for 30 minutes followed by denaturation at 94°C, 2 minutes and 25 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 68°C for 1 minute, final extension at 68°C for 7 minutes, and incubation at 4°C. In parallel, radiolabeled RT-PCR procedure was done with 18S rRNAspecific primers (QuantumRNA 18S Internal Standards, Ambion, Austin, TX) to detect the expression of internal standard, 18S rRNA. The amplified c-raf-1 (494 bp) and 18S (324 bp) fragments were resolved by 5% polyacrylamide gel electrophoresis and autoradiography. The relative amount of c-raf-1 mRNA was calculated by densitometric scanning of the c-raf-1 and 18S bands followed by normalization of the c-raf-1 band density (arbitrary value) against 18S band density (arbitrary value).
For protein analysis, lymphocytes were isolated from heparinized blood containing protease inhibitors with Ficoll-Paque PLUS (Amersham Biosciences) and stored at Ϫ80°C until use. Cells were lysed in lysis buffer [0.15 mol/L sodium chloride, 0.05 mol/L Tris-HCl (pH 7.4), 1 mmol/L EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate, 1 mmol/L phenylmethylsulfonyl fluoride, 100 mol/L sodium orthovanadate, 20 g/mL aprotinin, and 20 g/mL leupeptin]. Proteins in the freshly prepared whole cell lysates were resolved by 7.5% SDS-PAGE, followed by immunoblotting with monoclonal antiRaf-1 antibody (BD Biosciences, San Jose, CA) and detection of Raf-1 band (74 kDa) with the enhanced chemiluminescence method as described previously (22) (23) (24) . The blots were reprobed with glyceraldehyde-3-phosphate dehydrogenase polyclonal antibody (Trevigen, Gaithersburg, MD) to detect the expression of internal standard, glyceraldehyde-3-phosphate dehydrogenase protein (30 kDa) in the same sample. The relative amount of Raf-1 protein was calculated by densitometric scanning of the Raf-1 and glyceraldehyde-3-phosphate dehydrogenase bands (ImageQuant Software, Amersham Biosciences), followed by normalization of the Raf-1 band density (arbitrary value) against glyceraldehyde-3-phosphate dehydrogenase band density (arbitrary value).
RESULTS
Patient Characteristics. A total number of 22 patients was enrolled on this study. Patient characteristics are summarized in Table 2 . The majority of patients were extensively pretreated, with 18 of 22 patients having received at least three Table 3 . A total of four patients were treated at dose level 1, 1 mg/kg/week LErafAON, initially without pretreatment. Two of these four patients experienced grade 3 or 4 hypersensitivity reactions, manifest by flushing, diaphoresis, low-grade fever, back pain, and dyspnea. These reactions occurred within minutes of initiation of therapy, on day 1 or day 15 of cycle 1. Because of the association of these reactions with initiation of infusion, these hypersensitivity reactions were judged to be clearly study drug-related but not evidently doserelated. The protocol was modified to include oral acetaminophen (650 mg) before all subsequent infusions, and infusion duration was increased from 30 minutes to at least 60 minutes in all subsequent patients. Neither of these patients was rechallenged with LErafAON. Although the other two patients in this dose cohort did not have acute systemic hypersensitivity reactions, both experienced rigors during LErafAON infusion, and one of these patients electively withdrew from study on day 15. The final patient in this cohort discontinued therapy after 8 weeks because of progressive disease. Cohort 2 consisted of three patients treated at a dose of 2 mg/kg/week. One substantial (grade 3) hypersensitivity reaction was observed in week 2, characterized by flushing, back pain, chills, low-grade fever, and dyspnea. The pretreatment regimen was further modified to include oral diphenhydramine (50 mg), oral famotidine (20 mg), and intravenous methylprednisolone (100 mg) before each LErafAON infusion. With these premedications, this patient received two additional LErafAON doses without complication but discontinued therapy because of progressive disease. No dose-related and dose-limiting toxicity was observed in cohort 2.
A total of seven patients were treated in cohort 3, at a dose of 4 mg/kg/week. One patient in this cohort experienced a hypersensitivity reaction in the first 20 minutes of infusion in week 2, with rigors and grade 3 hypoxia. The patient was unable to complete the infusion, either on this day or 2 days later after repeat premedication, and was taken off study. The other six patients in this cohort were treated successfully for at least 7 weeks. One of these patients developed grade 3 thrombocytopenia (dose-limiting toxicity) in week 6 but went off study in week 7 because of progressive disease.
A total of eight patients were treated in cohort 4, at a dose of 6 mg/kg/week. One patient experienced grade 3 allergic reaction despite premedication, in the first 30 minutes of infusion in week 2, with facial flushing, dyspnea, hypotension, and grade 3 hypoxia. Two other patients also experienced grade 3 hypoxia, in one case associated with dyspnea and rigors in the first 20 minutes of week 1 and in the other during infusion in week 3. The latter patient completed the week 3 dose but went off study the same week because of development of grade 3 thrombocytopenia. A total of three patients in cohort 4 developed grade 3 thrombocytopenia during the first 8 weeks of therapy. The dose of 4 mg/kg/week was established as the maximum tolerated dose.
Thrombocytopenia. A decrease in platelet count was observed during cycle 1 in all dose cohorts and was most notable in patients treated at the 4 and 6 mg/kg/week dose levels (Fig. 1) . Thrombocytopenia was progressive over the 8-week course of drug administration and was followed by variable platelet recovery during the subsequent 4 weeks off therapy (weeks 9 -12). Only one patient on study experienced bleeding: a pancreatic cancer patient treated at 4 mg/kg/week developed a grade 4 gastrointestinal hemorrhage 1 week after completing week 8 of LErafAON, associated with dislodgement of a biliary stent. This patient had had a relatively minor change in platelet count while on study (from baseline of 121,000/l to 80,000/l over the course of 8 weeks; grade 1 thrombocytopenia throughout). This episode was believed to be unrelated to study drug.
Complement Activation. A previous analysis of an antic-raf-1 phosphorothioate oligonucleotide was notable for dosedependent induction of serum complement C3a and Bb (13) . Evaluation of these markers of complement activation was done on serum samples obtained immediately before and after LErafAON infusion on weeks 1, 2, 4, 6, and 8 of cycle 1. In all dose cohorts, comparison of pre-and post-therapy levels revealed a substantial increase in both C3a and Bb following LErafAON infusion ( Fig. 2A and B) . There was no significant change in pretreatment complement levels over consecutive weeks of therapy (not shown).
Response. There were no objective responses. Six patients were taken off therapy because of toxicity or patient decision within the first 8 weeks of therapy and were considered inevaluable for response. Two patients were taken off therapy because of evident disease progression before the first planned response evaluation (after 4 and 7 weeks, at dose level 2 and 6 mg/kg/week, respectively). Of the remaining 14 patients, five had stable disease on first evaluation, and nine had progressive disease. All five patients with stable disease were in cohorts treated with 4 or 6 mg/kg/week LErafAON. The median number of infusions given was Յ8 in all dose cohorts. Two patients with stable disease in the 4 mg/kg/week dose cohort received treatment over the course of 17 weeks (16 infusions) and 32 weeks (27 infusions), respectively. The latter patient was a 29-year-old woman with sarcoma.
Pharmacokinetic Analysis. A total of 156 samples for pharmacokinetic analysis were available from 20 patients enrolled on protocol. End of infusion rafAON levels in plasma showed high interpatient variability but were highest in dose level 4, 6 mg/kg/week (1.8 Ϯ 1.2 g/mL). Initial plasma halflife (t 1/2␣ ) of rafAON was Ͻ15 minutes in all dose cohorts (Fig.  3) . Plasma rafAON was undetectable 24 hours after infusion in five of five patients evaluated in the first 2 dose cohorts (level of detection, 10 ng/mL), but was detectable at 24 hours in seven of ten patients in the last 2 cohorts (average 25 Ϯ 18 ng/mL, range 11-60 ng/mL).
c-raf-1 mRNA Suppression. Peripheral blood mononuclear cells were isolated from a subset of patients treated with 4 or 6 mg/kg/week LErafAON immediately before and after therapy on days 1 and 8 for exploratory analyses of relative c-raf-1 mRNA and Raf-1 protein concentration. Quantitative RT-PCR for mRNA evaluation showed high interindividual variation in c-raf-1 expression at baseline and suggested a suppression of c-raf-1 mRNA concentration with therapy in two of five patients analyzed (Fig. 4) . Raf-1 evaluation by Western blotting showed very poor reproducibility, with apparent relative concentration varying by as much as 8-fold in blood draws from the same day (data not shown).
DISCUSSION
This report describes the first clinical trial to date of a liposomal antisense oligonucleotide. This trial used an oligonucleotide directed against the c-raf-1 mRNA, which encodes a factor known to play a critical function in regulating cancer cell proliferation, survival, and differentiation. Antisense oligonucleotide therapies have generally been administered by prolonged continuous intervenous infusion and are associated with a spectrum of sequence-independent toxicities. Liposomal formulation was tested as a means of increasing drug stability to permit intermittent dosing and of decreasing toxicity by "shielding" the oligonucleotide and permitting use of a minimally modified DNA molecule.
Successful administration of this agent was limited by hypersensitivity reactions. These reactions occurred in patients in all dose cohorts, were typically manifest shortly after initiation of infusion, and could be only partially suppressed with the use of a combination of an antipyretic, H1 and H2 inhibitors, and a corticosteroid. Other trials involving antisense oligonucleotides, including oligonucleotides directed against c-raf-1, have relatively rarely reported substantial hypersensitivity reactions (19) . We believe that the hypersensitivity reactions frequently observed in this trial of LErafAON may be because of the liposomal preparation used. Definition of predictors or correlates of hypersensitivity would be of significant use in further development of this novel class of agents.
Liposomal formulation of a number of other agents has been used successfully to facilitate drug delivery (25, 26) . Most (although not all) lipid preparations in clinical use are anionic, as are the majority of lipids on the cell surface. Because rafAON, like all oligonucleotides, is negatively charged, micellar formation with rafAON was promoted in this instance by the use of a mixture of cationic lipids. It is unclear whether and to what extent other factors in addition to the specific lipid formulation used may have contributed to the hypersensitivity reactions observed. Hypersensitivity with complement activation has also been noted in association with other lipid formulations, notably liposomal doxorubicin (27) .
The plasma pharmacokinetics of LErafAON in patients are consistent with preclinical data. The plasma clearance of LErafAON in cynomolgus monkeys showed a biexponential pattern with rafAON t 1/2␣ of 9 minutes, and terminal half-life (t 1/2␤ ) of over 30 hours (22) . It is unclear whether the initial tissue distribution of rafAON and the low level of rafAON persisting in circulation are sufficient to provide prolonged suppression of c-raf-1 levels. Pilot data on mRNA levels in peripheral blood mononuclear cells suggest that c-raf-1 expression may be inhibited in at least some patients, but Raf-1 protein levels could not be consistently measured.
The etiology of the progressive and dose-limiting thrombocytopenia observed is unclear, but it could be associated with Raf-1 inhibition. Several studies have implicated Raf-1 activity and the Raf-1/MEK/ERK signaling cascade, in human megakaryocytopoiesis. The megakaryocyte growth factor thrombopoietin activates ERK, and this activity is required for maturation of human megakaryocytic precursors (28, 29) . ERK activation by thrombopoietin has been shown to be dependent on both MEK and Raf-1 (30) . Inhibition of this signaling cascade with a MEK inhibitor blocks megakaryocyte maturation of human CD34ϩ cells (31) . Conversely, a constitutively active MEK construct stimulates megakaryocyte differentiation of precursor cells (32) . Megakaryocytopoiesis in mice does not require Raf-1; in fact, c-raf-1-deficient mice have slightly higher platelet counts than normal littermates (33) . Notably, thrombocytopenia was not anticipated by preclinical models of LErafAON: e.g, no evidence of decreased platelets was seen in mice treated with LErafAON at doses up to 420 mg/kg (22) . This may reflect a difference between human and murine megakaryocytopoiesis. However, thrombocytopenia has not been a prominent toxicity of the small molecule Raf-1 inhibitor sorafenib (15) .
A new formulation of lipid to be used in conjunction with rafAON has been produced and is currently in preclinical testing. This formulation facilitates drug preparation and, because of a significantly smaller and more uniform micelle size and different lipid component, may be associated with a lower incidence of acute hypersensitivity reactions. Future clinical testing of this alternative formulation will include a more comprehensive analysis of target suppression. Limited bone marrow examination to further characterize the mechanism(s) responsible for progressive dose-related thrombocytopenia also may be of interest. Given that the mechanism of thrombocytopenia is uncertain, it is plausible that this toxicity may be ameliorated through a change in lipid formulation.
